We are entering a new era in which lung cancer screening may be considered the standard of care. The National Lung Screening Trial (NLST) has shown that the number of deaths due to lung cancer can be reduced through screening with low-dose computed tomography (CT) in a high-risk population (N Engl J Med 2011; 365:395-409). Key issues-such as how to manage lung nodules, how to improve cost-effectiveness, and how to minimize radiation exposure-need to be addressed when designing a lung cancer screening program. Time and further technical advances will help to optimize the programs that are developed.
I
n 2011, two papers were published that will shape the way we think about lung cancer screening for years to come.
See related patient information sheet, page 346
In one, the Prostate, Lung, Colorectal, and Ovarian (PLCO) randomized controlled trial of chest radiography for lung cancer screening, 1 researchers found that chest radiography was not an effective lung cancer screening tool. However, the National Lung Screening Trial (NLST) 2 has transformed medicine by finding that screening with lowdose computed tomography (CT) reduced the lung cancer mortality rate (TABLE 1) .
While the ability to screen for lung cancer is a major positive change, it also raises many thorny questions, such as who should be screened, how often should they be screened, and how should we respond when a nodule is detected.
To answer some of these questions, we will outline how Cleveland Clinic has structured its lung cancer screening program, and the rationale we used for making pragmatic patient-care decisions within this program. We will conclude with our thoughts about the potential evolution of lung cancer screening programs.
it is early in its course, and therefore it is too often diagnosed at a late stage. Treatment for late-stage lung cancer is effective, but it is rarely curative.
Screening refers to testing people at risk of developing a disease before its symptoms or signs have appeared. The goal of screening is to reduce the disease-specific mortality rate. For this to happen, the disease must be detectable in a preclinical form, and treatment must be more successful when applied early. Ideally, the screening test should pose little risk to the patient, be sensitive for detecting the disease early in its course, give few falsepositive results, be acceptable to the patient, and be relatively inexpensive to the health system.
Over the past 4 decades, a large volume of research has been done in the hope of proving that conventional radiography or CT could be an effective screening test for lung cancer. 4, 5 Cohort studies (ie, in which all the patients were screened) of radiography or CT have shown a longer survival from the time of lung cancer diagnosis than would be expected without screening. These studies were not designed to prove a reduction in the lung cancer-specific mortality rate.
Controlled trials (in which half the patients received the screening and the other half did not) of chest radiography have been interpreted as not showing a reduction in lung cancer mortality rates, though debate about the interpretation of these trials persisted until this past year. Biases inherent in using duration of survival rather than the mortality rate as an end point have been suggested as the reason for the apparent benefit in survival without a reduction in the mortality rate.
PLCO results: screening with chest radiography does not reduce lung cancer mortality rates 
MAZZONE
Controlled trials of CT screening were started nearly a decade ago. Until 2011, the results of these trials were not mature enough to comment on.
■ The ProsTaTe, lung, colorecTal, and ovarian Trial
The lung cancer screening portion of the PLCO trial aimed to determine the effect of screening chest radiography on lung cancerspecific mortality rates. 1 In this trial, 154,901 people were randomized to undergo either posteroanterior chest radiography every year for 4 years or usual care, ie, no lung cancer screening. Participants were men and women age 55 to 74 with no history of prostate, lung, colorectal, or ovarian cancer. They did not need to be a smoker to participate. Those who had never smoked and who were randomized to the screening group received only 3 years of testing. All were followed for 13 years or until the conclusion of the study (8 years after the final participant was enrolled). About half were women, and nearly two-thirds were age 55 through 64. Only 10% were current smokers, while a full 45% had never smoked.
Results. Adherence to screening in the screening group ranged from 79% to 86.6% over the years of screening, and 11% of the usual-care group was estimated to have undergone screening chest radiography.
Cumulative lung cancer incidence rates were 201 per 100,000 person-years in the screening group and 192 in the usual-care group.
In the screening group, there were a total of 1,696 lung cancers during the entire study. Of these, 307 (18%) were detected by screening, 198 (12%) were interval cancers (diagnosed during the screening period but not by the screening test), and the remainder were diagnosed after the screening period during the years of follow-up. In the screening group, the cancers detected by screening were more likely to be adenocarcinomas and less likely to be small-cell carcinomas than those not detected by screening. Also in the screening group, the cancers detected by screening were more likely to be stage I (50%) than those not detected by screening.
The cumulative number of deaths from lung cancer was slightly but not significantly lower in the screening group from years 4 through 11. However, by the end of follow-up, the number of lung cancer deaths was equal between the groups (1,213 in the screening group vs 1,230 in the usual-care group). The cumulative overall mortality rate was also similar between the groups. For the subgroup who would have qualified for the NLST (see below), the lung cancer mortality rate was statistically similar between the two groups.
Comments. The results of the PLCO screening trial will be interpreted as the final word in lung cancer screening with standard chest radiography. The conclusion is that annual screening with chest radiography does not reduce lung cancer mortality rates and thus should not be performed in this context.
■ The naTional lung screening Trial
The NLST aimed to determine if screening with low-dose chest CT could reduce lung cancer mortality rates.
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This controlled trial enrolled 53,454 people, who were randomized to undergo either low-dose chest CT or posteroanterior chest radiography at baseline and then yearly for 2 years.
Participants were men and women age 55 to 74 with at least 30 pack-years of cigarette smoking. If they had quit smoking, they had to have quit within the past 15 years. All were followed until study conclusion (median 6.5 years, maximum 7.4). About 41% were women, and nearly three-quarters were age 55 through 64. More than 48% were current smokers, with the rest being former smokers.
Results. Adherence to screening was 95% in the CT group and 93% in the radiography group, with a 4.3% annual rate of CT outside the study during the screening phase.
Cumulative lung cancer incidence rates were 645 per 100,000 person-years in the CT group and 572 in the radiography group.
In the CT group there were a total of 1,060 lung cancers during the entire study. Of these, 649 (61%) were detected by screening, 44 (4%) were interval cancers, and the rest were diagnosed after the screening period during follow-up.
NLST results: screening a well-defined high-risk group with low-dose CT reduces mortality rates from lung cancer
In the chest radiography group, there were a total of 941 lung cancers during the entire study. Of these, 279 (30%) were detected by screening, 137 (15%) were interval cancers, and the rest were diagnosed after the screening period. Within the CT group, the cancers detected by screening were more likely to be adenocarcinomas and less likely to be smallcell carcinomas than those not detected by screening. Also within the CT group, the cancers detected by screening were more likely to be stage I (63%) than those not detected by screening.
The cumulative number of deaths from lung cancer was 443 in the radiography group, but only 356 in the CT group-20.0% lower (P =.004). The cumulative overall mortality rate was 6.7% lower in the CT group (P = .02).
Comments. The results of the NLST provide the first evidence that lung cancer mortality rates can be reduced by screening. Though many questions remain, the conclusions of this study are that screening a welldefined high-risk group with low-dose CT reduces the rate of death from lung cancer.
■ remaining challenges
The NLST showed that lung cancer screening with low-dose CT can meet the most important criterion for a successful screening program, ie, a reduction in the disease-specific mortality rate. Many challenges remain in meeting the other criteria for a successful or ideal screening program (low risk, few falsepositive results, acceptability to the patient, and affordability). The issues with low-dose CT-based screening that challenge these ideals are outlined in this section.
lung nodules: Benign or malignant?
Imaging-based lung cancer screening is designed to find lung nodules. CT has been more successful than radiography largely because it is more sensitive at finding lung nodules. Unfortunately, most lung nodules found by modern CT are not cancerous, but rather are benign. Distinguishing between a nodule that is an early malignancy and one that is benign remains challenging (FIGURE 1) .
A meta-analysis of CT screening studies found that for every 1,000 people screened at baseline, 9 were found to have stage I nonsmall-cell lung cancer, 235 had false-positive nodules, and 4 underwent thoracotomy for benign lesions. 6 The NLST results were similar. In this trial, only nodules that were 4 mm or greater in diameter were reported. Using these criteria, over 27% of all study participants were found to have a lung nodule on CT at baseline and at year 1. The rate fell to nearly 17% at year 2, as nodules present from baseline were not reported. Of all the lung nodules detected, only 3.6% were ultimately proven to represent lung cancer.
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Many issues with small lung nodules need to be considered. The nodules are difficult to find, with highly variable reporting even by expert radiologists. 7 They are difficult to measure accurately and thus are difficult to assess for growth. 8 Adjunctive imaging and nonsurgical biopsy have a low yield for small nodules. [9] [10] [11] Follow-up of these lung nodules includes additional imaging and nonsurgical and surgical biopsy procedures, adding expense to the program and risk to the patient. Finally, knowing that they have a lung nodule makes patients feel anxious and thus negatively affects their quality of life. 12, 13 radiation exposure: how great is the risk? There is a great deal of concern about radiation exposure from medical imaging, as many people receive a substantial amount of radiaMeta-analysis: for every 1,000 people screened, 9 had stage I cancer, 235 had false-positive nodules, and 4 underwent thoracotomy for evaluation of benign lung nodules MAZZONE tion each year from medical testing.
14 A single low-dose scan with chest CT delivers a wholebody effective dose of about 1.5 mSv-less than one-fifth of the radiation dose of a typical diagnostic CT scan.
Many have tried to estimate the consequences of radiation exposure from low-dose CT screening. All estimates are extrapolations from unrelated radiation exposures. The increase in risk of death ranged from 0.01% to a few percent, 15 and the increase in cancers was as high as 1.8% over a 25-year screening period. 16 In general, the risks are felt to be very low but not negligible.
cost-effectiveness is unknown
The cost-effectiveness of lung cancer screening is also unknown. Many highly variable estimates have been published. [17] [18] [19] [20] The studies have differed in the perspective taken, the costs of testing assumed, and the rounds of screening included. The most cost-effective estimates are in populations with the highest risk of cancer, in programs that achieve the greatest reduction in mortality rate, and in programs that lead to high rates of smoking cessation.
Screening in the real world as opposed to a clinical trial may involve different risks, benefits, and costs. Compliance with screening and with nodule management algorithms may be lower outside of a study. One study suggested that those at highest risk of developing lung cancer would be the least likely to enroll in a screening program and the least likely to accept curative-intent surgery for screeningdetected cancer. 21 We expect that the NLST data will be analyzed for cost-effectiveness. This should provide the most accurate estimates for the group that was studied.
■ We seT ouT To design a screening Program
With the evidence supporting a reduction in the rate of lung cancer mortality, and knowing the remaining challenges, we set out to provide a lung cancer screening program within Cleveland Clinic. In the design of our program, we considered several questions, outlined below.
Who should be offered low-dose cT screening?
The results of the NLST led to a great deal of excitement about lung cancer screening in both the medical community and the general public. The positive side of this publicity is that lung cancer is receiving attention that may lead to support for further advances. The negative side is that many patients who may seek out lung cancer screening are not at high enough risk of lung cancer to clearly benefit from it.
In the NLST, a very high-risk cohort was studied, as defined by clinical variables (age 55 to 74, at least 30 pack-years of smoking, and if a former smoker, had quit within the past 15 years). In this high-risk group, 320 patients needed to be screened (with three yearly chest CT scans) for one life to be saved from lung cancer, and only 3.6% of all lung nodules found (4 mm or larger) were actually lung cancer. In a group at lower risk, the number that needed to be screened to save one life would be higher, and the percentage of lung nodules that truly were lung cancer would be lower. This would lead to higher risks and costs related to screening, without a proven benefit to members of the lower-risk group.
The risk of the NLST cohort developing lung cancer was approximately 0.6% per year. Lung cancer risk-prediction models have been developed and published. Up to 2011, the three most commonly used models had only moderate accuracy at predicting risk. [22] [23] [24] [25] In 2011 a risk model based on the PLCO cohort was developed and published. 26 This model seemed to be more accurate but perhaps a bit harder to apply in practice.
We discussed whether using a validated risk predictor with a target of 0.6% per year (ie, the risk in the NLST trial) would be an adequate means of deciding on candidacy for lung cancer screening or if we should strictly adhere to the inclusion criteria of the NLST cohort. We feel that the NLST cohort is the only group with true evidence of benefit (a reduction in the lung cancerspecific mortality rate). Thus, for our program's entry criteria, we decided to use the same clinical predictors used for entry in the NLST. how will the right patients get scheduled for low-dose screening cT? Patients who enter the lung cancer screening program from our health system will require a physician's order.
Radiation
We are fortunate to have an electronic medical record in place. We have created an order set within the electronic record for lowdose chest CT. The order will eventually be able to be entered as "CT lung screening w/o" (ie, without contrast).
For patients from outside of our health system who would like to enter the lung cancer screening program, the entry criteria will be the same (see above). We will ask for the name of the patient's primary care practitioner. If the patient does not have one, a member of our Respiratory Institute will see and enroll the patient.
how often should patients be screened, and for how many years? Unfortunately, questions about the frequency of screening and how many years it should continue remain unanswered.
In the NLST, a similar number of early-stage lung cancers were detected during each of the three screening rounds. In both the NLST and PLCO trials, differences in the mortality rate curves began to narrow during the observation period, when active screening was no longer occurring. Thus, it is possible that a longer duration of screening could lead to a further reduction in mortality rates. Others have questioned whether a similar benefit, with less cost and risk, could be obtained by screening every 2 years.
The large amount of data obtained from the NLST and other CT-based studies is being reviewed so that models can be developed to help answer these questions. For now, we suggest at least three yearly CT screenings, with the hope that we will have clearer answers to these questions over time.
how will low-dose cT be performed and interpreted? The parameters for low-dose CT were very tightly controlled and monitored during the NLST. This quality-control effort, designed to improve consistency across sites and to minimize risk to patients, should be carried into lung cancer screening programs.
Our program will closely mimic the CT performance criteria used in the NLST (tube current-time product 40 mAs for all patients, field of view lungs only, lung kernel images 3 mm at 1.5-mm intervals, and soft-tissue kernel images 5 mm at 2.5-mm intervals). 27 In the initial phase of the program, all screening scans will be performed at Cleveland Clinic's main imaging facility.
Small lung nodules remain quite challenging to detect and measure. To minimize variability in scan interpretation, the NLST readers were all expertly trained radiologists. Despite this, much variability was noted in the number of nodules detected, their measured size, and the follow-up recommendations. All of the screening CT images for our program will be interpreted by board-certified radiologists with expertise in chest imaging.
Other screening studies have included novel imaging assessment in their testing algorithms, particularly volumetric analysis of lung nodules. 28 These tools may prove to assist in nodule detection, measurement, and management over time. At this point, we do not think they have been studied and standardized enough to include them in a standard-of-care screening program. We hope that they will evolve to the point of clinical utility in the near future.
Lung cancer screening is not currently covered by most insurers, including Medicare, although one major insurer has recently started to cover it. We expect decisions on coverage from other insurers in the next 12 months. In the meantime, we offer a low-dose screening chest CT to our patients for $125, which includes the radiologist's fee for interpreting the scan.
smoking cessation
The NLST showed that low-dose CT screening can reduce lung cancer mortality rates by 20% in a high-risk group. A 50-year-old active smoker who quits smoking reduces his or her risk of dying of lung cancer by more than 50%. 29 Entry into a lung cancer screening program provides an opportunity for education and assistance with tobacco dependency.
At Cleveland Clinic, we have an active Tobacco Treatment Center within our Wellness Institute. All lung cancer screening par-MAZZONE ticipants who are identified as active smokers will be given a program brochure and will be offered a consult in the program.
What do we identify as a lung nodule, and how should they be managed? Studies of CT-based screening have highlighted the tremendous number of lung nodules that are identified and the low likelihood of malignancy in those that are less than 1 cm in diameter. Many screening studies define a positive result as a lung nodule above a particular size. The NLST used 4 mm or greater as the cutoff. The lower the cutoff, the greater the number of nodules found, and the lower the overall likelihood of malignancy in the nodules.
Studies in which annual CT screening was the intervention are able to use size criteria in part because the study design ensures another CT will be performed 12 months later. Current nodule management guidelines suggest 12-month CT follow-up of incidentally discovered lung nodules, 4 mm or smaller, in at-risk patients. 30 In a screening program, particularly one for which the patient must pay, the 12-month screening CT cannot be guaranteed. This makes it more difficult to ignore the smallest nodules identified on CT screening. Given this, we will be reporting all lung nodules identified, regardless of size on the initial screening.
Most studies of CT screening have reported any new nodule identified in subsequent screening rounds regardless of size. Though it is intuitive that a new nodule would have a high likelihood of malignancy in a high-risk cohort, malignancy rates have been reported to be as low as 1% for new nodules. As with the initial round of screening, we will report all new lung nodules identified in subsequent screening rounds.
All screening CT scans will be read and reported by board-certified radiologists with expertise in chest imaging. The report generated will be in a standard format and sent to the ordering physician (TABLE 2). The ordering physician will choose to manage the evaluation of any nodule that is detected or refer the patient to a specialty lung nodule clinic within the Respiratory Institute. A reminder of the availability of the lung nodule clinic will be present within the templated report. A consult to the lung nodule clinic is an order available within the electronic medical record.
The recommendations for the evaluation of lung nodules, both within the report and at the lung nodule clinic, are in keeping with currently available guidelines, such as those from the Fleischner Society 30 and the American College of Chest Physicians. 31 For incidentally discovered lung nodules in patients at high risk, the Fleischner Society recommendations are as follows No overt destructive or blastic bone lesion. Degenerative disk disease in thoracic spine.
• For nodules 6 to 8 mm, follow-up at 3 to 6 months, then 9 to 12 months, then 24 months if no growth • For nodules 8 mm or larger, follow-up at 3, 9, and 24 months, or positron emission tomography, or biopsy, or both. If the nodule is large enough or is deemed to be of high enough risk, adjuvant testing with diagnostic imaging, guided bronchoscopy, transthoracic needle aspiration, or minimally invasive resection will be offered. All patients with nodules believed to require biopsy will be discussed at our multidisciplinary lung cancer tumor board before biopsy.
how do we make practitioners and patients aware of the program and its indications, risks, and benefits? Education will be the key to having lung cancer screening adopted as the standard of care, to lung cancer screening being provided within a well-designed and capable system, and to ensuring that patients have realistic expectations about screening. Articles such as this and grand rounds presentations within our health system will help provide education to our colleagues. Broader marketing campaigns will be considered in the future once demand and system capabilities are clearly identified. A patient information brochure will be provided at the time of the screening test (see the patient information sheet that accompanies this article).
how do we help to advance best practice? As excited as we are that low-dose CT-based lung cancer screening has been proven to reduce lung cancer mortality rates, it is clear that there is a lot of room to improve the programs that are developed based on current data.
Advances in our ability to accurately predict an individual's risk of developing lung cancer will allow us to offer screening to those it is most likely to benefit.
Advances in smoking cessation and chemoprevention will help to minimize the number of lung cancers that develop.
Advances in our ability to determine the nature of lung nodules will allow us to accelerate treatment of very early lung cancer while minimizing additional testing on benign nodules; advances in our ability to treat localized and advanced disease will improve the outcome for those identified as having lung cancer.
To help move the science of screening forward, we will develop a screening program registry that can be populated from the order set and the templated report. The registry can be used to ensure appropriate patient care, while studying relevant epidemiologic, quality, and cost-related questions.
We hope to assess novel imaging software capable of assisting with the detection and characterization of lung nodules.
We have an active biomarker development program to assess the ability of breath and blood-based biomarkers to identify those at risk of developing lung cancer; to assist with the management of screening-detected lung nodules; to assist with the diagnosis of early stage lung cancer; and to characterize the nature of the cancers identified. Accurate biomarkers could lead to further decreases in mortality rates while reducing the risks and costs of a screening program.
We have strong surgical, medical, and radiation oncology programs, actively pursuing advances in minimally invasive resection procedures and ablative and targeted therapies.
■ enTering a neW era
We are entering a new era of lung cancer screening. The NLST has shown that lung cancer morality rates can be reduced through low-dose CT screening in a high-risk population. Many challenges remain, such as managing the nodules that are discovered, determining if the program is cost-effective, and minimizing radiation exposure. These need to be considered when designing a lung cancer screening program. Advances over time will help us optimize the programs that are developed.
■
As excited as we are about CT lung cancer screening, there is a lot of room for improvement ■ references
